Abstract. We propose a method to reconstruct surfaces from oriented point clouds with non-uniform sampling and noise by formulating the problem as a convex minimization that reconstructs the indicator function of the surface's interior. Compared to previous models, our reconstruction is robust to noise and outliers because it substitutes the least-squares fidelity term by a robust Huber penalty; this allows to recover sharp corners and avoids the shrinking bias of least squares. We choose an implicit parametrization to reconstruct surfaces of unknown topology and close large gaps in the point cloud. For an efficient representation, we approximate the implicit function by a hierarchy of locally supported basis elements adapted to the geometry of the surface. Unlike ad-hoc bases over an octree, our hierarchical B-splines from isogeometric analysis locally adapt the mesh and degree of the splines during reconstruction. The hierarchical structure of the basis speeds-up the minimization and efficiently represents clustered data. We also advocate for convex optimization, instead isogeometric finite-element techniques, to efficiently solve the minimization and allow for non-differentiable functionals. Experiments show state-of-the-art performance within a more flexible framework.
Introduction
New challenges to surface reconstruction from measurements emerge as datasets grow in size but lose in accuracy. The reduction in accuracy appears as sensors evolve from short to long range, low-cost commodity scanners become widely available, and computer vision is increasingly used to infer 3D geometry from point sets. As a result, surface reconstruction methods must be robust to noise and outliers, and scale favorably in terms of computation and memory usage. This impacts the parametrization of the surface and the inference techniques.
We propose a robust but simple algorithm to reconstruct a water-tight surface from an oriented point cloud. We formulate the reconstruction as a convex optimization that recovers the indicator function of the interior of the surface. Our objective function penalizes deviations in the normal orientation with a Huber loss function to robustly recover the topology of the surface and allow for sharp corners; this makes our model more robust to noise and avoids the "shrinking bias" of least-squares models [1, 2] . Our minimization exploits the convexity of the objective with an efficient first-order algorithm that is easy to parallelize and scales well with the size of the point cloud. This is our first contribution.
Our second contribution is to merge state of the art isogeometric analysis and surface reconstruction. Isogeometric analysis [3, 4] is a generalization of finite element analysis which improves the link between geometric design and analysis. The isogeometric paradigm is simple: the smooth spline basis used to define the geometry is used as the basis for analysis. As a result, exact geometry is introduced into the analysis. The smooth basis can then be leveraged in analysis [5] [6] [7] and lead to innovative approaches to model design [8] [9] [10] , analysis [11] [12] [13] [14] , optimization [15] , and adaptivity [16] [17] [18] [19] [20] .
The underlying implicit function is represented by an adaptive spline forest [18] developed in isogeometric analysis [3] . An isogeometric spline forest is a hierarchical spline representation capable of representing surfaces or volumes of arbitrarily complex geometry and topological genus. Spline forests can accommodate arbitrary degree and smoothness in the underlying hierarchical basis as well as non-uniform knot interval configurations. They accommodate efficient h, p, k-refinement and coarsening algorithms which we utilize in this work. In h-adaptivity the elements are subdivided or merged, in p-adaptivity the polynomial degree of the basis is changed, and in k-adaptivity the smoothness of the basis is changed. In all cases, the adaptive process remains local and preserves exact geometry at the coarsest level of the discretization. In the context of surface reconstruction, a hierarchical spline forest basis efficiently represents functions in three dimensions by their spline coefficients and provides analytic expressions for their derivatives. Our reconstruction exploits this local adaptivity to efficiently represent complex surfaces with sharp corners.
Related Methods and Choice of Representation
Surface reconstruction methods can be first classified by their surface representation: parametric or implicit. Parametric techniques represent the surface as a topological embedding of a 2D parameter domain into 3D space. Among them, approaches based on computational geometry partition the space into Voronoi cells from the input samples and exploit the intuitive idea that eliminating facets of Delaunay tetrahedra provides a triangulated parametrization of the surface [21] [22] [23] [24] [25] [26] [27] . The reconstructed surface thus interpolates most of the input samples and requires post-processing to smooth the surface and correct the topology. Parametric methods generally require clean data because they assume the topology of the surface to be known, while implicit methods are designed to reconstruct surfaces from noisy point clouds with unknown topology.
Implicit representations both reconstruct the surface and estimate its topology, but increase the dimension of the problem by representing the surface as the zero-level set of a volumetric function. Their accuracy is thus limited by the resolution of the grid, with efficient representations requiring non-uniform grids.
Implicit representations can be formulated as either global or local. Local methods consider subsets of nearby points one at a time and handle large
